Employing the principle of isostructural alloying, a series of unprecedentedly wide Curie-temperature windows (CTWs), covering the ultimate temperature range of first-order magnetostructural phase transitions (MSTs), are realized between 40 and 450 K for the strongly-coupled MSTs in a single host system Mn 1-y Fe y NiGe 1-x Si x . Throughout the wide CTWs, the highly tunable MSTs show large magnetization jump, low-field effects, high-temperature giant magnetocaloric effects and robust functional stability, providing important properties to phase-transition-based magneto-multifunctional applications, including field-driven shape memory, magnetic cooling/heating and energy conversion. The unprecedentedly wide CTWs open up a design platform for magneto-multifunctional multiferroic alloys that can be manipulated in a quite large temperature space in various scales and patterns, and by multiple physical fields.
A coupling of ferroelasticity and ferromagnetism [1, 2] can lead to a multiferroic behavior of first-order magnetostructural phase transition (MST) in magnetoelastic materials.
Attractive physical effects, such as ferromagnetic shape memory, [3] magneto-strain, [4] magnetocaloric effect (MCE), [5, 6] magnetoresistance, [7] and exchange bias, [8] are observed based on the MSTs. These effects are receiving increasing attentions from the applications in actuating, [9] sensing, [10] magnetic cooling, [11] heat pump [12] and energy conversion. [13] As an important class of MSTs, ferromagnetic martensitic transformations (FMMTs) are widely found in Heusler, Fe-based, and MM'X alloys, and produce diversiform physical discontinuities due to the significant alterations in crystallographic, electronic, orbital and magnetic structures in the systems. Extraordinary magneto-multifunctional properties emerge thereby and can be tuned in different ways.
Profiting from FMMTs, the magnetic-field-induced shape memory effect and giant magneto-strain/magnetostriction have been extensively studied with promising potential in micro-mechanical controls and strain outputs. The magnetocaloric effect (MCE), [14] which happens in a magnetic transition, can be enhanced appreciably by first-order FMMTs with great changes in structural entropy in spin-lattice coupled systems. [15] [16] [17] Materials bearing FMMTs are thus further considered as candidates for caloric applications, probably combined with mechanocaloric or electrocaloric effects. [18, 19] Very recently, an inspiring application of electric power generation, [20, 21] using first-order FMMT ferromagnets driven by high-temperature heat resources, becomes increasingly attractive for the energy conversion, which demonstrates an exciting advance in magneto-multifunctionalities of magnetoelastic alloys.
For all the magneto-multifunctionalities, the magnetostructural coupling plays a fundamental role since only in this case can the structural and magnetic transitions modulate each other. In order to approach FMMTs, the martensitic transformations should happen below the Curie temperature (T C ) of the system so that the transition couples with magnetic state changes. Along with the increasing demands of diversified functional applications, searching for new materials with highly tunable FMMTs, especially in a much wider working temperature range, is ever growing. However, challenges exist in practice. One challenge is to enlarge the magnetization change (ΔM) across FMMTs to maximize the magnetic-energy change especially in a moderate magnetic field. The other challenge is to broaden the temperature range where the FMMTs can take place, similar to the case in magnetocaloric materials Gd-Si-Ge between 20 and 290 K, [23] or the case in Mn-Fe-P-As between 150 and 350 K. [24] For first-order FMMTs, the structural transitions are often limited in a temperature range between just above room and liquid-nitrogen temperatures. If T C of an FMMT material could be tailored to higher temperatures, the temperature space in which magnetostructural coupling can occur will be expanded largely.
As a rising family of FMMT materials, the hexagonal MM'X (M, M' = transition metals, X = carbon or boron group elements) compounds have been intensively studied in recent years. [25] [26] [27] The FMMTs in these compounds are characterized by small thermal hysteresis, high temperature-sensitivity, high Curie-temperatures, gigantic anisotropic strains, huge volume expansions, large magnetization jump, magnetic-field-induced shape memory effects, and giant MCEs, [26, [28] [29] [30] which collectively make MM'X compounds rather different from the conventional FMMT materials (for example, Heusler alloys). Many methods, including physical pressure, chemical modification, atom-vacancy introducing, and quench-relaxation annealing, have been adopted to tune the FMMTs. In our previous works, [26, 29] we proposed an isostructural alloying principle to guide the chemical substitution during the material design. On this principle, we alloyed two isostructural compounds that have the same crystal structure but distinct phase stability and different magnetic behaviors together to form a new compound, by which we were able to manipulate both the phase transition and the magnetic exchange interactions simultaneously in a material host. Recently, this effective principle has generated active influences on design and realization of the desired MST materials. [30] [31] [32] [33] [34] [35] [36] In the light of this principle, in our previous work [26] we have alloyed MnNiGe with isostructural FeNiGe (Mn 1-y Fe y NiGe) and established a stable magnetostructural coupling in a [26] provides a fundamental understanding on the tuning of magnetostructural coupling under the According to the isostructural alloying principle, to realize the above purpose the isostructural counterpart to Mn 1-y Fe y NiGe system must meet three conditions: 1) A high T t , which allows us to tailor the FMMT (T t ) of the alloyed system from low to high temperatures;
2) A high T C M , to upraise the T cr up of CTW; 3) A strong ferromagnetic coupling in martensite phase, to gain large ΔM, low H S and desired magneto-multifunctional effects. Among Ni 2 In-type hexagonal compounds, MnNiSi can be identified as a promising isostructural counterpart. Both its T t and T C M are as high as 1200 K and 600 K, respectively. [37, 38] Its martensite phase is a strong ferromagnet with a low H S and a large M consideration that an intrinsic strong ferromagnetism can be expected owing to the ferromagnetic coupling between Fe-Mn atoms in the martensite form. [26] In this work, dual-variable Mn 1-y Fe y NiGe 1-x Si x (y = 0.26, 0.36, 0.46, 0.55; 0 ≤ x ≤ 1) systems were studied systematically. A crystallographic and magnetic phase diagram was proposed in Figure 1a and 1b, based on the data from the structural (XRD), magnetic (M(T) curve) and thermal (DSC) measurements (more data in Supporting Information, Figures S1, S3, S5 and S6) .
The alloy series of (y = 0.26, x) is taken as an example (Figure 1a) . Upon introducing Si atoms on Ge sites, T t begins to increase from low temperature of 74 K for x = 0 to high temperature up to 1000 K for x = 1.0, which is very close to T t (~ 1200 K) of stoichiometric MnNiSi. [37] Meanwhile, T C system (also see inset to Figure 1b) . These CTWs span from below liquid nitrogen temperature (~ 38 K) to room temperature and to the highest temperature of 448 K, which are much wider than the temperature distribution ranges of many other FMMTs. [17, 22-24, 27-31, 33-36] This is the first realization that highly tunable MSTs can be gained in such wide temperature range in one material system. A strong magnetostructural coupling of ferroelasticity and Figure S1 ). The FMMT occurs from the parent phase to the martensite via distortions of Ni-Ge/Si hexagonal rings and Mn/Fe-Mn/Fe zigzag chains, with a giant volume expansion of around 3% (more data in Supporting Information, Figure S2 and Table S1 ).
Based on this structural transition, a high temperature-sensitivity and a large magnetization In order to understand the origin of ferromagnetism in martensite phase, the magnetizing behavior at 5 K of Mn 1-y Fe y NiGe 1-x Si x was analyzed. Here we first look back the magnetic properties of Mn 1-y Fe y NiGe. [26] As shown in the left part of is important to note that these giant MCEs spanning the whole CTWs are composed of the caloric effects from both the structural and magnetic transitions and more importantly two caloric effects are locked in the same sign owing to the concurrent breaking in crystallographic and magnetic symmetries. This locked effect would greatly enhance the total caloric outcome of strongly-coupled MSTs. [6, 29] To clearly present the dependence of maximum of -ΔS m on the ΔH, we re-plotted those values of Figure 2c in Figure 2d with the corresponding fitting curves. A linear relationship between maximum of -ΔS m and ΔH is clearly observed up to ΔH = 50 kOe. This indicates that the temperature dependence of magnetization across the FMMTs is field independent, [42] which may be attributed to the specific characteristics of the fist-order transitions in these materials. The data in ations. [43, 44] tests indicating an even better functional stability than the excellent Ni-Ti-Cu/Pd alloys. [43, 44] This stability is further confirmed by a slight decay (3% ~ 5%) in ΔE following by a saturation tendency. Even for the transitions at 420 K (147 °C) in alloy (y = 0.36, x = 0.60), only very slight changes of T t (~ 0.8 K) and ΔE (~ 7%) can be observed. These slightly enlarged changes may be ascribed to the atom motions by high-temperature thermal activation. It is clear that the studied alloys show a potentially robust functional stability even at high temperatures, which will benefit the multifunctional applications of the materials. Table S5 ). The graphic is in general consistent with the one reported by Franco et al. [14] In this graphic, low-and room-temperature MCEs are observed in many rare-earth and Mn-based compounds, including the first-order FMMT materials such as Heusler and MM'X alloys. However, the MCEs in each family (usually composed of several material members) are limited in narrow temperature spans since many MSTs can only be tuned in a limited temperature range. It can be seen that different families show their dissimilar transition temperatures but most giant MCEs occur below 370 K. In particular, the MCEs of MM'X alloys also exist mainly in a relatively narrow range around room temperature. In sharp contrast, our Mn 1-y Fe y NiGe 1-x Si x single material system strikingly shows giant MCEs over the very wide temperature range from 40 to 450 K. Within these wide CTWs, the magneto-strain-based applications in forms of bulks, particles or composites can also be designed. It is further conceivable that large MCEs and barocaloric effects tuned Table S5 . Here, RE refers to rare-earth elements, Hex to hexagonal structure, and X to p-block elements.
by applying pressure [18, 34] and table-like MCEs produced by composition-gradient composites [45] can be freely designed at any desired temperature within such broad range. In addition to the use as magnetic refrigerant, the giant MCE materials can also be applied as promising working substances for magnetic heat pumps or electric power generations. [12, 20] For these applications, the MSTs are required to occur at high temperatures in order to gain the heats efficiently and cyclically from ambient environments, driven by hot water or vapor from sea surface (30 ~ 40 °C) or geothermal spring (50 ~ 100 °C), or by the exhausted heats from applications of hypercritical CO 2 (~ 120 °C), automobile and industrial production (100 ~ 500 °C). For the high-temperature MSTs between 373 and 448 K, furthermore, the corresponding materials show an increasingly low cost due to the high-level Si-substitution for expensive Ge element.
In conclusion, applying the principle of isostructural alloying, we have successfully realized the strongly-coupled magnetostructural transitions within a series of unprecedentedly wide Curie-temperature windows, with widths as large as 400 K, in a single host system (Mn,Fe)Ni(Ge,Si). This work reveals clear physical pictures of the tuning route in material design and the Curie-temperature windows for phase transitions. The combination of low-field large MCEs, locked caloric effects, wide working temperature, and robust functional stability makes the materials promising for various smart applications including shape-memory/strain-based output, [46] solid-state multi-caloric cooling/heating [19] and energy conversion. [20] The unprecedentedly wide Curie-temperature windows provide a broad design platform of magnetostructural transitions for tunable magneto-multifunctional properties of the rare-earth-free Mn-based (Mn,Fe)Ni(Ge,Si) multiferroic magnetoelastic alloys. The strongly-coupled magnetostructural transitions can be manipulated in frameworks of compositional engineering, [29, 47] pressure modulations, [18, 34, 48] and low-dimensional forming [4, 49] for potential applications, including strain-based composites, [50, 51] functional devices, [46, 52] and multiferroic heterostructures. [53, 54] 
Experimental Section
Experimental Methods: Highly purified metals were arc-melted under argon atmosphere. Each ingot was melted for four times and was turned over after each melting process. As-cast ingots were annealed in evacuated quartz tubes filled with high-purity argon at 1123 K for 5 days and cooled down to room temperature slowly. Powder x-ray diffraction (XRD) analysis were performed on a Rigaku D/max 2,400 X-ray diffractometer with Cu-Kα radiation at room temperature. Magnetic measurements including thermomagnetic curves and isothermal magnetization curve, were carried out on a superconductive interference device (SQUID) magnetometer and physical property measurement system (PPMS, Quantum Design). Thermomagnetic curves with temperature above 400 K were performed on a PPMS plus vibrating sample magnetometer (VSM) with a maximum field of 50 kOe. Thermal analysis were performed using differential scanning calorimetry (DSC STA 449 F3 Jupiter and DSC 214 Ployma, NETZSCH). The ramping rate is 5 K min -1
. By adding an apparatus involving two permanent magnets, the gravity change caused by magnetic transition can be detected on the thermogravimetric analyzer. The magnetic entropy changes (ΔS m ) across magnetostructural transitions were derived from the magnetization curves using the Maxwell relation [14] :
The RC is defined as
where T 1 and T 2 are two temperatures of the half maximum of ΔS m (T) peak. [14] To avoid fake ΔS m values, the temperature loop process method [55] was applied to measure the isothermal magnetization curves with an interval of 2 K for these FMMTs with a clear thermal hysteresis.
Calculation Methods: The first-principles calculations on density of states (DOS), magnetic moment distribution and spin electron density (SED) were performed using ultrasoft pseudopotential method based on the density function theory (DFT). [56] The exchange and correlation energy were treated using the generalized gradient approximations. 500-eV cutoff-energy in the plane-wave basis and 120 k-points in the irreducible Brillouin zone were used for a good convergence of the total energy. The total-energy difference tolerance for the self-consistent field iteration was set at 1×10 After careful examinations, nevertheless, two extra small diffraction peaks were observed at around 37.6° and 45.4° in the XRD patterns of some alloy compositions (as pointed out with ♦ in Figure S1 ). In the present work, the samples were prepared by slow cooling with furnace after annealing, in order to get the equilibrium phase transitions without stress and disorders in samples. This impurity phase with very small amounts probably result from the precipitate during cooling process. Nevertheless, from the diffraction intensity the phase proportion of this impurity phase is rather low. One can see that, in general, this impurity phase imposes little influence on phase transitions and magnetic properties of the samples, which has also been evidenced by the regularity of Si-content dependence of both martensitic transition temperature and Curie temperature shown in the phase diagram and the M-T curves in Figure 1 . Importantly, the highly tunable phase transitions and giant magnetocaloric effects were obtained in such an unprecedentedly wide temperature range. It is hopeful to avoid this small-amount impurity phase by quenching the samples after annealing. Further optimizations and enhancements are expected in the important physical properties obtained in present work. onstants e S1, as sults, the i content d to Ge. and V o = ndicated 7%, and e lattice Table S1 . Lattice constants and cell volumes of parent and martensite phases for Mn 1-y Fe y NiGe 1-x Si x alloys. [19] Gd 5 (Ge 0.57 Si 0.43 ) 4 244 40 [19] Gd 5 (Ge 0. 5 Si 0.5 ) 4 277 19 [19] Gd 5 Si 2.05 Ge 1.95 279 9.2 [20] Gd 5 Ge 4 20 17 [18] Gd 5 Ge 4 40 26 [19] Gd [27] HoPdAl (hexagonal) 10 3 10 13.7 [28] HoPdAl (orthorhombic) 12 11.4 12 22.8 [28] [37] GdCo 0.6 Mn 1.4 270 3.82 [37] GdCo 0.4 Mn 1.6 210 3.86 [37] GdCo 0.2 Mn 1.8 140 4.11 [37] HoCo 2 75 22.5 [38] DyCo 2 140 11 [38] TbCo 2 227 6.5 [38] ErCo 2 33.6 38 [39] Er(Co 0.95 Si 0.05 ) 2 60 22 [39] Er(Co 0.85 Si 0.15 ) 2 63 8 [39] Er(Co 0.975 Si 0.025 ) 2 48 32 [38] Dy 0.7 Y 0.3 Co 2 115 15 [38] Dy 0.9 Y 0.1 Co 2 130 14 [38] Ho(Co 0.95 Si 0.05 ) 2 100 20 [38] Ho(Co 0.975 Si 0.025 ) 2 80 23 [38] ErCo 2 38 23 [40] Er(Co 0.95 Fe 0.05 ) 2 70 13 [40] Er(Co 0.9 Fe 0.1 ) 2 150 6.5 [40] ErCo [47] MnAs 317 41 [48] MnAs 0.95 Sb 0.05 308 32 [48] MnAs 0.85 Sb 0.15 260 30 [48] MnAs 0.70 Sb 0.30 225 23 225 27 [48] MnAs 0.6 Sb 0.4 214 7 214 14 [48] MnAs 0.95 Sb 0.05 310 27 310 33 [47] MnAs 0.9 Sb 0.1 285 25 285 32 [47] Mn 0.994 Cr 0.006 As 292 13.7 [49] Mn 0.99 Cr 0.01 As 267 20.2 [49] MM'X (Ni 2 In type) [50] Mn 0.93 Cr 0.03 CoGe 300 22 [51] Mn 0.94 Ti 0.06 CoGe 232 11.3 [52] MnCoGe 0.99 Al 0.01 357 29.2 [53] MnCoGe 0.98 Al 0.02 323 35.9 [53] MnCoGe 0.97 Al 0.03 180 5.7 [53] Mn 0.9 Co 0.1 NiGe 236 40 [54] Mn 0.965 CoGe 289 10 289 26 [55] Ni 43 Mn 46 Sn 10 Al 1 264 3.9 [68] Ni 43 Mn 46 Sn 9 Al 2 297 1.4 [68] Ni 51 
